Reduced fitness of admixed individuals is typically attributed to genetic incompatibilities. Although mismatched genomes can lead to fitness changes, in some cases the reduction in hybrid fitness is subtle. The potential role of transcriptional regulation in admixed genomes could provide a mechanistic explanation for these discrepancies, but evidence is lacking for nonmodel organisms. Here, we explored the intersection of genetics and gene regulation in admixed genomes derived from an experimental cross between a western gray wolf and western coyote. We found a significant positive association between methylation and wolf ancestry, and identified outlier genes that have been previously implicated in inbreeding-related, or otherwise deleterious, phenotypes. We describe a pattern of site-specific, rather than genome-wide, methylation driven by inter-specific hybridization. Epigenetic variation is thus suggested to play a nontrivial role in both maintaining and combating mismatched genotypes through putative transcriptional mechanisms. We conclude that the regulation of gene expression is an underappreciated key component of hybrid genome functioning, but could also act as a potential source of novel and beneficial adaptive variation in hybrid offspring.
Presgraves 2010). It is also possible that the genome's sensitivity to incompatibilities, rather than the simple accumulation of them, is the critical feature. The mechanism by which dosage equivalents are established or deleterious features inactivated relies heavily on epigenetic variation (e.g., DNA methylation, condensing chromatin) (Anguera et al. 2006) . The potential to explore these epigenetic signatures within ecological surveys has only recently become accessible. This mechanism may provide rapid, inter-generational compensation for mismatched genotypes in hybrid genomes, as well as a staging ground for genetic accommodation (Verhoeven et al. 2016) .
The western North American gray wolf (Canis lupus) is a Holarctic species (e.g., Wang and Tedford 2008; Meachen and Samuels 2012) , and the western coyote (Canis latrans) evolved in North America's grasslands (Parker 1995) . Over the past century, these 2 species have experienced a dramatic change in geographic range. Coyotes recently colonized eastern North America and hybridized with remnant local wolf populations, establishing one of the largest mammalian hybrid zones documented (Parker 1995; Kyle et al. 2006; Wilson et al. 2009; Kays et al. 2010; Bozarth et al. 2011; vonHoldt et al. 2011) . Although extensive hybridization and introgression among eastern Canis genomes has been reported, there are documented cases of decreased survival in admixed offspring derived of eastern wolf (Canis lycaon) and eastern coyote ancestry (Benson et al. 2012) , and possible assortative mating among wolves in eastern landscapes (Rutledge et al. 2010; Bohling and Waits 2015) . Here, we investigated the genetic and epigenetic dynamics of the admixed offspring of an experimental gray wolf and western coyote captive cross (Mech et al. 2014) . We hypothesize that genes from mismatched evolutionary histories may result in improper gene function and, consequently, may be targeted for silencing through DNA methylation in surviving hybrid offspring. Through analyses of genotype-by-sequencing (GBS) and epigenetic data, our objective was to quantify ancestry fragments and explore their interaction with DNA methylation patterns. Though a general pattern of hypomethylation in hybrid genomes relative to parentals has been documented (O'Neill et al. 1998; Vrana et al. 2000; Josefsson et al. 2006) , we expected hybrids to display genomic trends of ancestry-associated methylation, consistent with the epigenetic silencing of divergent sites. Although this study focuses on cis epigenetic control, de novo methylation changes in addition to trans variation are expected to play a role, albeit undetected with these methods. We predict these methylation patterns will be more apparent in F2 hybrids, as their genomes are a complex mosaic of both parent species.
Methods

Sample Selection and DNA Extraction
We obtained whole blood for a set of experimental F1 hybrids derived from the artificial insemination of 9 captive coyote females with a slurry of semen collected from 8 gray wolves from a single den in northern British Columbia (Mech et al. 2014 ) (Supplementary Figure S1 ). Although this has previously been interpreted as a single litter of full-siblings, there is a possibility for multiple breeding pairs to utilize a communal den (e.g., Smith 1998). The fertilization success rate was 33%, with 3 females carrying to full term, but only one litter was viable. Our samples consisted of one western coyote, 8 gray wolves that contributed toward the semen slurry used for artificial insemination, 7 first generation (F1) hybrid offspring, and 2 second generation (F2) offspring resulting from an inbreeding event between 2 F1 individuals (Supplementary Table S1 ).
We extracted genomic DNA with the Qiagen DNeasy Blood and Tissue kit (Qiagen, Louisville, KY), following the instructions provided by the manufacturer. DNA was quantified with a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Carlsbad, CA) and visually checked for quality on a 1% agarose gel.
Genotype-by-Sequencing
High molecular weight genomic DNA (500 ng to 1 μg) from a single coyote, 7 gray wolves, 5 F1 hybrid offspring, and 2 F2 hybrid offspring were sent to Cornell Genomics facility for their GBS service (Supplementary Table S1 ) (Elshire et al. 2011) . Briefly, each sample was digested with EcoT22I, and a common sequencing adapter with unique barcode adapters was ligated to the resulting sticky ends. Samples were then pooled, amplified by PCR, and sequenced twice to ensure high enough coverage to genotype heterozygous loci. Initial sequencing was performed on an Illumina HiSeq 2500, however, this method produced relatively few reads and therefore a NextSeq 500 instrument was used for subsequent sequencing. All reads were mapped to the recent assembly of the reference dog genome (canfam3.1) with BWA v0.7.8-r455 (Li and Durbin 2010) and SNPs were identified with the TASSEL-GBS analysis pipeline v3.0.173 (Glaubitz et al. 2014 ). We used a minimum of 10× sequence coverage to discard sites with low coverage and confidence, required a minor allele frequency of 1%, and excluded sites with 7% missing data. SNPs were annotated as being either intergenic or in a promoter (within 2 Kb of transcriptional start site), exon, or intron using a custom python script. We assessed the samples for quality and general patterns using principal component analyses (PCA) to identify potential outliers for exclusion. Diversity statistics of per-individual heterozygosity estimates were conducted using --het flag in PLINK (Purcell et al. 2007 ). We then pruned SNPs in linkage disequilibrium (LD) with a genotype correlation of r 2 >0.2 (50 SNP window and 5-SNP step). Additionally, we implemented a PCA with flashPCA (Abraham and Inouye 2014) to identify outlier samples for exclusion in subsequent analyses. Levels of genetic similarity were estimated as identity by state (IBS) in PLINK using the --cluster --matrix command across all 15 733 SNP loci.
Genetic Ancestry Analysis
To infer ancestry in the hybrid offspring using 758 unlinked autosomal SNPs, we first completed a clustering analysis in the program ADMIXTURE (Alexander et al. 2009 ) with the cross-validation flag to assess ancestry assignments and the admixture state of the coyote and gray wolf parents, partitioning them into a maximum of 11 genetic clusters. To obtain ancestry assignments for up to 2 generations back, we next conducted a posterior probability assignment test in STRUCTURE (Pritchard et al. 2000) to assign each hybrid offspring to 1 of the 2 parental groups, coyote and gray wolf, assuming 2 genetic groups (K = 2) with 10 000 burnin and 50 000 MCMC repetitions.
We identified ancestry informative markers (AIMs) as loci with highly divergent alleles based on genetic differentiation index (F ST ). We used Galaxy's Genomic Diversity toolkit (Afgan et al. 2016 ) to estimate F ST across 15 229 autosomal loci with the Reich-Patterson estimator to identify highly divergent SNPs between the coyote and gray wolves. We employed the designation of all wolves as a "wolf" reference, regardless of variation within the sampled gray wolves. As this F ST calculation was based on 1 coyote and 7 wolves, 3168 SNPs were excluded due to a lack of polymorphism or a genotype in one of the references. AIMs were then identified from this panel of 12 061 SNP loci. We used a mean F ST + 1 SD to identify SNPs that are divergent for alleles diagnostic of species membership. We assigned ancestry membership along the chromosomes between contiguous pairs of AIMs for each hybrid offspring in Galaxy's Genomic Diversity toolkit with an ancestry switch penalty value of 10.
Methylation Sequencing and Read Mapping
To evaluate methylation status in both the parents and the hybrid offspring (n coyote = 1, n wolf = 6, n F1 = 3, n F2 = 2) (Supplementary Table  S1 ), we constructed reduced representation bisulfite sequencing (RRBS) genomic libraries. High molecular weight genomic DNA (500 ng) was digested with Msp1, 3′ ends repaired with adenine, followed by ligation of a methylated sequencing adapter for Illumina with the NEBNext Ultra kit's standard protocol (New England Biolabs, Ipswich, MA). Library purification and size selection was completed with Agencourt AMPure XP magnetic beads (Beckman Coulter, Indianaplois, IN). We conducted a size selection step to retain fragments between 100 and 400 bp then treated them with bisulfite to convert unmethylated cytosines to uracil with the low DNA concentration (1-500 ng) protocol in the Qiagen EpiTect kit. We increased the incubation time to 10 h to ensure a high conversion rate of unmethylated cytosines. Converted DNA was then subjected to 15 cycles of PCR amplification with EpiMark Hot Start Taq (New England Biolabs, Ipswich, MA), which converts uracil to thymine. Each PCR reaction contained a universal PCR primer and a unique index primer, which enriched for adapter-ligated fragments as well as added a unique barcode tag to each sample. Library quality was assessed with an Agilent 2100 BioAnalyzer (Agilent, Santa Clara, CA) and molarity estimated with the Qubit Fluorometric Quantitation system (Thermo Fisher Scientific). Libraries were standardized to 10 nM and pooled with 4 samples per lane for sequencing. Singleend DNA sequencing (1 × 101 nt) was performed on the Illumina HiSeq 2500 (Illumina, San Diego, CA).
The reference dog genome was built with bowtie2 in BS-Seeker2 for read lengths bounded from 50 to 300 bp (Guo et al. 2013) . We deplexed sequence pools with a custom perl script and used a maximum editing distance of 2 mismatches between expected and observed barcode sequence tags. FASTQ files were first trimmed for low quality reads (Q < 20) and adapter sequences clipped with cutadapt 1.8.1 (Martin 2011) , discarding reads that were <20 bp in length. Trimmed reads were then mapped to the reference dog genome with bowtie2 (Langmead 2010; Langmead and Salzberg 2012) and methylation called in BS-Seeker2 (Guo et al. 2013 ). The methylation frequency (MF) was calculated as the proportion of methylated cytosines out of the total number of methylated and unmethylated cytosine (sequenced as thymine) reads per site (Guo et al. 2013 ). We used a minimum of 10× sequence coverage to discard sites with low coverage and confidence. Cytosines were annotated as being either intergenic or in a promoter (within 2 Kb of transcriptional start site), exon, or intron using a custom python script.
Single Methylation Polymorphisms (SMPs) and Sample Validation
We assessed the samples for quality and general patterns with PCA to identify potential outliers for exclusion. To do so, we converted MF into a diploid genotype by discretizing methylation frequencies into epigenotypes: sites with little or no methylation (MF < 0.33) were annotated as AA epigenotypes, sites with high or fixed methylation (MF > 0.66) as BB, and sites with intermediate methylation levels (0.33 ≤ MF ≤ 0.66) as AB (Heyn et al. 2013; Wang and Fan 2014) . This approach generated data that can be used in traditional population genetic analyses (e.g., PCA, association scans). We used PLINK (Purcell et al. 2007 ) and flashPCA (Abraham and Inouye 2014) as described above for the GBS data.
Cell-Type Composition Adjustment and Differential Methylation Analysis
We implemented the program ReFACTor as a reference-free adjustment for cell type composition, which utilizes PCA (Rahmani et al. 2016) . We exclude any sites that mapped to the mitochondrial DNA (mtDNA) due to a paucity of CpG motifs in mitochondrial genes (Cardon et al. 1994 ) and sites that were invariable across all samples. For potential covariates that may also influence methylation levels, we included batch information. This correction is due to the heterogeneous nature of whole blood samples-various cell types in varying proportions, each with a potentially distinct epigenetic signature that may confound association scans (Reinius et al. 2012) . We first estimated the number of cell types (k) assumed to be present, followed by the number of sites (t) to use for finding components.
The assignment on each PC was used as a covariate for use in the epigenome-wide association study to detect species-specific differences and assess these in admixed offspring. We controlled for influence of covariates by including the sex and eigenvalues for the first 2 PCs from ReFACTor with the program MACAU, which uses a binomial mixed model regression on methylation count data (Lea et al. 2015) . MACAU models each CpG site individually as a function of an explanatory variable and tests the null hypothesis that the predictor, the hybrid index as defined by the proportion of coyote ancestry, has no effect on the methylation outcome. We obtained a maximum likelihood coefficient β for the explanatory variable at each site with a standard error and significance value. This method accounts for fixed-effect covariates and incorporates pairwise relatedness among samples as a vector of random effects, in addition to modeling independent environmental noise as a random effect, which is often an issue in sequencing reads data (Lea et al. 2015) . We constructed a Manhattan plot using the qqman function in R (Turner 2014) and applied an adjusted significance threshold of P <0.0005.
Gene Ontology Enrichment Analysis
We tested outlier sites that originated in functional regions (e.g., exon, intron, promoter) to determine if they were enriched for a gene ontological (GO) category using WebGestalt (Zhang et al. 2005; Wang et al. 2013) . We used the reference genome as a background data set for GO analyses and applied a Benjamini-Hochberg FDR correction (Benjamini and Hochberg 1995) .
Results
Genotype-by-Sequencing Diversity Estimates and Sample Validation
We retained 15 733 biallelic SNP loci, of which 15 229 were autosomal, 3 mitochondrial, and 501 located on the X chromosome. All hybrid offspring (F1s and F2s) contained a genotype identical to their coyote mother for the 3 SNPs located on the mitochondrion. The majority of the 15 733 sites were intergenic (68%; n intergenic =10 831), with 30% of the sites in coding regions (n intron = 4620; n exon = 166) and 1% found in putative regulatory regions (n promoter = 231). These values sum to >15 733 as some sites had multiple annotations (e.g., nucleotide is found within both a promoter and intron). The coyote had higher observed heterozygosity (H O ) than any of the possible male wolf sires (H O = 0.371 and 0.355, respectively) ( Table 1) .
As expected, the F1 hybrids on average had higher heterozygosity than the F2s, which were produced as a full-sibling inbreeding event (H O = 0.490 and 0.392, respectively). Pruning for LD retained 775 SNP loci across the autosomes, MT, and X chromosomes. Samples clustered as expected in the PCA-divergent ends of PC1 (23% variation explained) populated by the coyote sample and gray wolves ( Figure 1A ). Both generations of hybrid offspring were found intermediate of the parentals. However, 4 male wolves were more closely aligned with the hybrid offspring ( Figure 1A ). We found that these 4 males had higher levels of IBS sharing with the admixed offspring (IBS F1 > 0.80 and IBS F2 > 0.79) than other possible sires (IBS F1 = 0.78-0.79, IBS F2 = 0.77), likely due to a bias of the artificial insemination (e.g., sperm motility, quality; Mech et al. 2014 ) (Supplementary Table S2 ).
Genetic Ancestry Analysis
Using ADMIXTURE, we found that 3 genetic clusters best fit the ancestry assessment of the coyote mother and gray wolf fathers, with the wolf males assigned to 1 of 2 possible genetic groups (Supplementary Figure S2) . Two of the 4 male wolves with closest IBS to the hybrid offspring are assigned to a different cluster at K = 3 (wolves 2808 and 2809). The next partition observed at K = 4 is the separation of the other 2 of these male wolves assigned to their own cluster (wolves 2807 and 2813; plots not shown), concordant with the PCA ( Figure 1A ). As the wolves are genetically distinct from the coyote mother, we next conducted a posterior probability assignment test in STRUCTURE to quantify ancestry in each hybrid. We found substantial diversity in admixture assignments for each of the reference gray wolves and hybrid offspring (Supplementary Table  S3 ). On average, admixed offspring had higher ancestry assignments to the reference coyote than wolf (F1: Q coyote = 0.62; Q wolf = 0.38; F2: Q coyote = 0.64; Q wolf = 0.36).
The average F ST between the coyote and gray wolf reference samples was low (average ± SD = 0.098 ± 0.4) (Supplementary Figure  S3) . Using a threshold of 1 SD, F ST ≥0.50 was used to identify 1779 autosomal AIMs and estimated ancestry at each chromosome location in the hybrid offspring. As expected, F1s have on average 50% of their ancestry derived from each parental genome (Ancestry: coyote = 0.482, wolf = 0.518), where one F1 individual, produced from a different unsampled female (Supplementary Figure S1) , had 9.2% more wolf ancestry than the other F1s (sample ID 2799) (Supplementary Table S4 ). Nearly all ancestry blocks in the F1 genomes (>64%) were of the heterozygous ancestry state (e.g., 1 allele derived from wolf ancestry and 1 allele derived from coyote ancestry) with an average length of 53.7 Mb. Although the F2 genomes were composed of variable ancestry and lengths, approximately half (49-56%) of the ancestry blocks were heterozygous in state and shorter in length (37.8 Mb) (Supplementary Table S4 ), a pattern expected of an F2 genome.
Reduced Representation Bisulfite Sequencing
We collected RRBS data on 12 individuals from the coyote/wolf experimental captive cross. After excluding sites with fewer than 10 sequence reads, there was an average coverage of 23× across 12 genomes with a genome-wide average of 15% methylation levels (Supplementary Table S5 ). Data were united to obtain MF on 3 242 460 sites sequenced in all individuals. Of these, the majority (51%; n intergenic = 1 711 622) of sites were intergenic, 42% in coding regions (n intron = 1 173 009; n exon = 238 510) and 6% found in putative regulatory regions (n promoter = 203 379). These values sum to >3 242 460 as some sites had multiple annotations (e.g., cytosine is both located within a promoter and intron).
SMPs, Sample Validation, and PCA of RRBS Data
We converted MF into epigenotypes and further filtered the data to retain 135 805 polymorphic sites, with subsequent filtering to remove sites with high genotypic correlation and linkage. Of these, the majority (52%; n intergenic = 72 337) of sites were intergenic, with 42% of the sites in coding regions (n intron = 45 767; n exon = 12 849) and 7% found in putative regulatory regions (n promoter = 9133). Again, these values sum to >135 805 due to sites having multiple annotations. We retained 14 781 unlinked polymorphic sites. PCA clustering was as expected with divergent ends of PC1 (13% variation explained) populated by the coyote sample and gray wolves ( Figure 1B ). Both generations of hybrid offspring were spatially intermediate of the parentals.
The Intersection of Ancestry and Methylation
We included coyote ancestry, as determined by the GBS analysis, as a quantitative covariate along with fixed effects (sex and the first 2 coordinates from ReFACTor) to identify differentially methylated sites associated with the hybrid index. Of the 1 472 693 sites analyzed by MACAU, 205 were significant (adjusted P < 0.0005) and predominantly (74%) represented by noncoding intergenic regions (n = 152) (Supplementary Figure S4) . The putatively functional outliers (n intron = 43; n exon = 11; n promoter = 4) represented 51 unique genes. Ten GO biological process categories were enriched and represented by 17 genes, 4 of which (COL9A1, EP300, TBX18, and TCF7L2) were outliers among the 10 enriched categories (Table 2  and Supplementary Table S6) . One epigenetic hypothesis of potential incompatibility loci is that methylation will target regions of dysfunctional genotypes. These outlier sites have methylation patterns that were significantly associated with coyote ancestry. Across these methylation outlier sites regardless of the admixture status of the genome, we only observed a significant methylation difference between the 2 possible homozygous ancestry states (1-tailed t-test of unequal variance P = 0.0016) and a significant increase between regions of heterozygous ancestry and regions with homozygous wolf ancestry (P = 0.0098; Table 3 ). As each of the F1s with overlapping methylation and genotype data had exactly 50% ancestry derived from each parental genome (Supplementary Tables S1 and S4) , we surveyed the mosaic genome of the F2s for associations of ancestry-dependent methylation. We observed a significant increase of methylation in regions that contained at least one wolf allele (1-tailed t-test of unequal variance P = 0.0398 and P = 0.0377, respectively for each F2), with the lowest methylation levels found in regions of homozygous coyote ancestry (homozygous coyote average MF = 0.38; heterozygous average MF = 0.47; homozygous wolf average MF = 0.51) (Table 3B ).
Discussion
We explored the intersection of genetics and methylation patterns in parental genomes and their hybrid offspring of an experimental Table 1 for sample information and text for further discussion.
cross between a western gray wolf and western coyote (Mech et al. 2014) . We hypothesized that mismatched genotypes could be identified through ancestry analysis in admixed individuals, proposing that a genomic region's evolutionary history or identity is critical for proper transcriptional function. Given this, we expect that specific ancestry fragments may result in a deleterious sequence combination and will be targeted for region or allelespecific epigenetic silencing as a mechanism of genomic stability. We first verified expected genome-wide ancestry proportions with AIMs, and identified multiple paternity of the F1 hybrid offspring from clustering and relatedness analyses. Paternity was previously unconfirmed as the artificial insemination utilized a sperm slurry of 8 possible sires (Mech et al. 2014) . The F1 individuals shared half of their genomes with both parents, with nearly all ancestry blocks long in length (>50 Mb) and of heterozygous ancestry. The F2 genomes showed increased variability, both in length and in ancestry. Furthermore, we found that coyote and wolves have divergent methylation patterns. We then subsequently verified the utility of PCA to identify parents of admixed offspring with both genetic and epigenetic data. We then integrated the methylation sequencing data to explore the regulatory impact on ancestry structure across the mosaic genome. We searched for patterns of differential methylation that targeted ancestry composition and found a positive relationship in the admixed offspring, where fragments with increased wolf ancestry were significantly hyper-methylated. As the F2s lack the expected autozygosity typical of intra-specific inbreeding events, this pattern of site-specific rather than genome-wide methylation was driven by inter-specific hybridization, a pattern also recently described in inbred Chinook salmon (Venney et al. 2016) . The outlier hypermethylated ancestry fragments contained 4 genes, 2 of which encode transcription factors and 2 that have been previously implicated in inbreeding-related conditions. Four genes were identified as outliers, with the most suggesting gene being COL9A1. This gene has been implicated in the autosomal recessive form of Stickler syndrome in humans, with accounts from families with consanguineous loops (Van Camp et al. 2006; Nikopoulos et al. 2011 ). Stickle syndrome is characterized by a heterogeneous suite of traits, many of which are due to underdeveloped facial bones and consequently impacts auditory and visual functioning. Further, downregulation of COL9A1 in humans when hyper-methylated is associated with osteoarthritis (Imagawa et al. 2014) . EP300 has been linked to the small percentage of human patients with a mild form of Rubinstein-Taybi syndrome, an autosomal dominant condition that affects many organ systems (Rubinstein and Taybi 1963) . The last 2 outlier genes are transcription factors: TBX18, when mutated, is known to cause malformations in the kidneys and urinary tract (Vivante et al. 2015) ; and TCF7L2, which is associated with Type 2 diabetes mellitus susceptibility in humans (Grant et al. 2006; Cauchi et al. 2007; Marquezine . 2008) . Although this small sample set cannot confirm the mechanism of the ancestry-specific methylation (e.g., silencing of deleterious alleles; allele-specific expression; evolutionary regulatory divergence), the results strongly suggest exploring the implication of each process through a survey of genetic load, imprinting, and epigenetic heritability with additional data. This study highlights the potentially non-trivial contribution of epigenetics for regulating a mosaic genome found in admixed individuals that offer an array of phenotypic variance. In fact, the high epigenetic mutation rate (4.46 × 10 −4 in Arabidopsis thaliana; Schmitz et al. 2011 ) may provide a platform for which phenotypic evolution occurs more rapidly than relying upon mutation alone. Depending on the allelic content in the admixed genome, epigenetic influence over allele-specific expression, or even general transcriptional control, could either prevent hybridization altogether or rapidly influence the phenotypic variation observed. Our results suggest that epigenetic regulation has been overlooked as a key component of hybrid fitness and may serve as an underappreciated beneficial mechanism of regulating mixtures of divergent genomes. The evolutionary role of epigenetics remains to be fully elucidated, but clearly deserves more thorough attention if we are to adequately disentangle its function as a potential source of hybrid dysfunction or molecular innovation for rapid adaptation.
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